Abstract-Sorption concentration of platinum(II, IV) and palladium(II) from freshly prepared and aged two-yearold hydrochloric acid solutions by a series of anion exchangers with different functional groups and of different physical structure of Purolite and CYBBER grades was studied. The high sorption ability of the ion exchangers in relation to the extracted chlorocomplexes of noble metals is shown. It was demonstrated that palladium(II) from all tested ion exchangers can be completely desorbed with thiourea solutions acidifi ed with hydrochloric acid, while complete desorption of platinum is achieved only from Purolite S 985 anion exchanger of the complexforming type and Purolite A 111 weak base anion exchanger.
In view of the unique properties of platinum-group metals (PGM), there is a continuous increase in their consumption [1, 2] . The recovery of noble metals is carried out both from primary sources and from secondary raw materials, including spent catalysts, electronic scrap, and also man-made dumps of concentrating plants [1, 3] . Treatment of such materials with acids (usually aqua regia) as well as by chlorination, fusion, assay method leads to the transfer of platinum metals to solutions containing complex compounds of noble metals [1, 3, 4] .
Usually precipitation, cementation or electrolysis is used for recovery of PGM from industrial solutions [1, 3, 6, 9, 10] . Since the concentration of noble metals in the initial industrial solutions is low, the use of these methods does not lead to a significant recovery. In addition, solid products with a low content of platinum metals are formed, further processing of which is diffi cult [1, 3, 4, 10] .
Sorption methods are available to avoid such problems. They are characterized by high effi ciency, selectivity, environmental safety, as well as convenience of combination with subsequent methods of determining noble metals [1, 3, 4, [11] [12] [13] .
Among umpteen number of sorbents, ion exchangers with different functional groups due to their high exchange capacity, mechanical strength, and good kinetic properties are especially attractive for researching, since they enables to concentrate even trace amounts of PGM and extract them in the presence of accompanying components [1, 3, 4, [12] [13] [14] [15] .
Since platinum and palladium usually accompany each other both in primary and secondary raw materials, and then as a result of processing they pass to solutions together, their concentration and separation on selective ion exchangers is of scientifi c and practical interest. It should be noted that for this purpose a number of authors use strong base anion exchangers [4, 13, 16] , since the extraction of noble metals is usually carried out from strong acid solutions (2-6 M HCl). However, the recycling of secondary sources of PGM often leads to the production of hydrochloric acid solutions with a lower acidity (0.01 M or less), keeping of which leads to the formation of aqua-and hydroxo-complexes different in composition and kinetic inertness [1, 5, 7, 8, 11] . Therefore, in order to extract platinum and palladium from such systems, it seems reasonable to use weak base anion exchangers and complex-type ion exchangers whose sorption ability makes it possible to extract noble KONONOVA et al. metal ions not only by the ion exchange mechanism, but also by complex formation between the nitrogen atoms of their functional groups and metal atoms [17] .
This work is devoted to the sorption extraction of platinum and palladium on ion exchangers of various types from hydrochloric acid freshly prepared and aged solutions.
EXPERIMENTAL
For the study, ion exchangers Purolite (Purolite International Ltd) and CYBBER (Syntez NVK of the Saturn group of companies) were selected. Their physicochemical characteristics are listed in Table 1 . Prior to work, the ion exchangers were prepared according to generally accepted procedures and transferred to the original chloride form.
The initial solutions with concentrations of platinum 10.26 mM and palladium 5.55 mM were prepared by dissolving the exact weighed portions of H 2 PtCl 6 ·6H 2 O and PdCl 2 ·2H 2 O in a small volume of concentrated hydrochloric acid and adjusting the solutions in 50 mL volumetric fl asks to the mark with distilled water [7, 8] . Freshly prepared and aged solutions of platinum and palladium with concentrations of 0.25 and 0.025 mM, respectively, were used in the study. The HCl concentration in the solutions under study was 0.01-4.0 M.
The concentration of platinum and palladium was determined spectrophotometrically with tin(II) chloride and nitroso-R salt, respectively [7, 8] . To confi rm the ionic states of noble metals in solutions under study, their absorption spectra were taken in the wavelength range 190-700 nm on a Specol 1300 spectrophotometer (Carl Zeiss, Jena-Analytic).
Sorption of platinum and palladium was carried out under static conditions at a solid to liquid phases ratio of 1 : 100 (in terms of the dry state of the sorbents), with stirring of ion exchanger-solution suspensions and at a temperature of 20 ± 1°C. The time for equilibrium establishing determined by a special experiment was 24 h.
According to the obtained data, the ion exchange capacity (IEC), the degree of extraction R, the distribution coefficients D, and the separation factors S were calculated from formulas 
(MP) Macroporous, (G) gel; (QAB) quaternary ammonium base, (TAG) tertiary amino groups. ION EXCHANGE EXTRACTION OF PLATINUM(IV) AND PALLADIUM(II)
where c 0 is the molar concentration of noble metal ions in the initial solution, c eq is the same in the equilibrium solution, V is the volume of the contacting solution (L), and g is the weighed portion of ion exchanger (g).
Elution of platinum and palladium ions after their sorption from solutions with ion exchangers was carried out with the help of acid solutions of thiourea (80 g L -1 in 0.5 M HCl). The choice of desorbent was due to the formation of stable thiourea complexes of platinum metals, which significantly exceed the stability of their chloride complexes [1, 4, 17] . The concentration of platinum and palladium in thiourea eluates was determined spectrophotometrically by the intrinsic color of the formed complexes according to the procedures [7, 18] .
All the results obtained were subjected to statistical processing. The average error for three parallel measurements was not more than 6%.
RESULTS AND DISCUSSION
It is known that the ionic state of PGM in solutions depends on the acidity of the medium, the concentration of chloride ions (for hydrochloric acid solutions), and temperature [1, 7, 8] . Under the infl uence of the above factors various aqua and hydroxochloride complexes with different stability and kinetic inertness can be formed in aqueous solutions [1, 7, 19, 20] .
Complexes 3 Cl] + with decreasing acidity of the medium [1, 7, 19, 20] . Since the complex chlorides of palladium(IV) are stable only in the presence of oxidants, in hydrochloric acid solutions there are only [Pd(H 2 O) n Cl 4-n ] n-2 complexes, where n varies from 0 to 3 [1, 7] .
As for platinum the complex [PtCl 6 ] 2-dominates in solutions with a 3 M or more HCl concentration. Upon diluting the solution and with increasing pH, the formation of complexes [Pt(
[Pt(OH) n Cl 6-n ] 3-(n is 1, 2; k = 1, 2; m varies from 1 to 6) occurs, which co-exist in different proportions [1, 7, 8, 19, 20] .
As it was indicated, the freshly prepared solutions of platinum and palladium, as well as solutions aged for two years, in which the HCl concentration was 0.01 M, were investigated. In [1, 7] it was reported that keeping the solutions of PGM at the acidity of the medium 1 M or less leads to aging and as a result to the formation of aqua and hydroxo complexes of different stability and kinetic inertness.
According to [1, 7, 19, 20] First of all, the ion exchange extraction of platinum and palladium from freshly prepared solutions with different concentrations of hydrochloric acid (individual and in joint presence) was investigated. The results are shown in Tables 2, 3 .
The data in Table 2 show that all the investigated ion exchangers demonstrate a high sorption ability in the extraction of chloride complexes of noble metals from their individual freshly prepared solutions.
The study of the sorption concentration of platinum and palladium in their joint presence in freshly prepared solutions was studied in strong acidic media (2 and 4 M HCl solutions), which, on the one hand, brings them closer to production conditions. On the other hand, this makes it possible to reveal the sorption ability of ion exchangers under more stringent conditions, when the nitrogen atoms of the functional groups of weak basic and complex forming ion exchangers are protonated and, therefore, can not participate in additional complex formation with the recovered ions [17] . Moreover, in strong acid solutions, ion exchange proceeds under conditions of a considerable competitive infl uence of chloride ions, whose concentration is much higher than that of complexes of noble metals.
As follows from the data in Table 3 , the affi nity of the investigated anion exchangers for sorption from solutions containing both components with respect to chloride complexes of platinum does not decrease as compared to sorption from individual solutions, but decreases KONONOVA et al. somewhat to palladium complexes. This behavior of sorbents can be explained by the fact that ion exchanger is usually more selective to complexes with greater stability [21] . According to [1, 7, 8, 20 ] the overall stability constant of the complex [PtCl 6 ] 2-log β 6 = 33.9, while for the complex [PdCl 4 ] 2-the general stability constant log β 4 = 10.50-12.24, which suggests higher selectivity of the investigated anion exchangers to platinum. ION Further, it was of interest to investigate the sorption ability of the sorbents under study in the extraction of platinum and palladium from aged solutions (individual and in joint presence). The results are shown in Table 4 .
EXCHANGE EXTRACTION OF PLATINUM(IV) AND PALLADIUM(II)
From the data presented, it can be seen that the ion exchangers retain high sorption ability in the aged solutions. As before their selectivity to platinum is higher than to palladium, but it should be noted that the degree of extraction of palladium from individual aged solutions is 84-89%, and the presence of platinum(IV) chloride complexes in the systems under study does not impair these values (Table 4 ) .
The separation factors of the extracted ions are listed in Table 5 . These data exhibit that the chloride complexes of platinum(IV) and palladium(II) can be separated on all the ion exchangers under study, since the separation factors are greater than unity [21, 22] . Considering that both aged solutions and strong acidic media are of practical interest, it is possible to recommend the anion exchangers for the subsequent separation of the sorbed ions.
Further, it was of interest to study the desorption of platinum(IV) and palladium(II) after their extraction in the joint presence of the freshly prepared and aged hydrochloric acid solutions. Data in Table 6 show that a complete desorption of palladium occurs after its concentration from both freshly prepared and aged solutions. The complete desorption of platinum after extraction from both types of solutions can only be achieved with Purolite S 985 anion exchanger. It should be noted that the complete desorption of palladium can be explained by the lower selectivity to it of the ion exchangers under study. It is known that the higher the Table 5 . Separation factor of platinum(IV) and palladium(II) during extraction from freshly prepared and aged solutions с 0 (Pt) = 0.25 mM, с 0 (Pd) = 0.025 mM selectivity of the sorbent to the extracted ion, the more diffi cult the subsequent elution of this ion [17, 21, 22] . Besides, the complete desorption of both noble metals is achieved on weak base anion exchanger Purolite A 111 if their ion exchange extraction is from strong acid solutions (Table 6) . Thus, based on the data obtained, the anion exchangers of Purolite and CYBBER grades can be recommended for sorption extraction of platinum(II, IV) and palladium(II) from hydrochloric acid solutions (freshly prepared and aged).
CONCLUSIONS
(1) High sorption ability of anion exchangers of different basicity of Purolite and CYBBER grades with respect to platinum(IV) and palladium(II) was shown in sorption from the freshly prepared and aged chloride solutions.
(2) When platinum(IV) and palladium(II) chlorocomplexes are recovered in their joint presence fro m the systems under study, the selectivity of the anion exchangers to platinum is higher in comparison with that to palladium, but the degree of palladium extraction reaches not less than 80% in these cases.
(3) Desorption of platinum and palladium with the help of acid solutions of thiourea was performed after the joint extraction of the complexes of noble metals under study from hydrochloric acid solutions (freshly prepared and aged). It was found that palladium(II) from all the tested ion exchangers can be desorbed completely, while the complete desorption of platinum is achieved only from the anion exchanger of the complex forming type Purolite S 985 and weak base anion exchanger Purolite A 111. (4) The anion exchangers under study can be recommended for the sorption concentration of platinum(IV) and palladium(II) from various solutions of HCl (freshly prepared and aged).
